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Observation of defects on insulator surfaces following
bombardment with slow Kr®*, Xe**, Th™*, and U™* ions
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We found unambiguous evidence of a new radiation effect from the occurrence of single ion defects which are created through
the interaction of the Coulombic potential of slow highly charged ions (e.g. Xe** and U7*) and the surface of solid insulating
materials (i.e. mica). In the cases studied, the kinetic energy of the ions is some 300-500 keV (ca. 2.2 keV /u), while the energy
associated with the electrostatic potential of the incident ions approaches 200 keV. Defect production in mica has been investigated
as a function of incident ion charge using an atomic force microscope. The volume of “blister-like” defects has been found to be

proportional to the incident ion charge.

1. Introduction

Presently, much effort is devoted towards the un-
derstanding of the interaction of slow very highly
charged ions (SVHCI) with solid surfaces. The interest
originates from several basic, as well as applied, physi-
cal issues. These include multi-electron capture and
cascade processes occurring during ion neutralization,
as well as possible nanometer scale lithographic appli-
cations due to ion induced surface modifications. These
studies also provide information required for the un-
derstanding of ion—wall interactions, as encountered in
fusion research and plasma processing. Beams of highly
charged ions, up to U¥*, are now available from
sophisticated ion sources such as EBIS(T) (electron
beam ion source (trap)). The EBIT used here is de-
scribed in detail in refs. [1-3]. Slow (several keV /u)
very highly charged, high Z ions (SVHCD), e.g. US2™,
can carry up to several hundred keV potential energy.
It is of fundamental interest how such ions lose their
energy and neutralize, as they slowly approach the
surface, as well as what kinds of defects they can cause
in the solid target. In order to understand and study
the physical properties and, in particular, the neutral-
ization dynamics, secondary reaction products such as
electrons [4], X-rays [5] and sputter ions [6,7] are mea-
sured and sophisticated model calculations are per-
formed [8,9]. Here, first results from a study using an
atomic force microscope (AFM) to investigate the types
of defects that these SVHCI cause within the near
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surface region of selected insulating solids are re-
ported.

2. Experimental

In this paper, observations of surface defects on
insulators, caused by highly charged slow ion impact,
are reported (see ref. [10]), where the ions are pro-
duced with EBIT. The operation of an EBIT is only
briefly addressed; its modification into a source by
means of an efficient extraction system is described in
detail in ref. [2]. EBIT is an electron beam ion trap,
where the trap itself consists of a three segment axial
drift tube assembly. These segments can be individually
biased, high on the ends and low in the middle, to
create an electrostatic well along the central axis. An
electron beam, compressed to ~ 70 mm diameter in a
3 T magnetic field, travels along the central axis. The
energy of the electrons is determined by an overall bias
voltage applied to the drift tube assembly by a fast
switching high voltage power supply (e.g. 5-20 kV).
Electron beam currents are typically around 100 mA.
Neutral gas molecules, such as Xe, are ionized by the
beam within the central well of the drift tubes and are
trapped radially by the space charge of the electron
beam. These ions undergo successive ionization and
other electron—ion and atom—ion interactions, which
determine the achievable charge states in the trap.
After a desired charge state equilibrium is reached, the
ions are ejected from the trap via fast switching of the
drift tube potentials ( ~ ms), e.g. by ramping the central
drift tube such that the potential well is diminished for
a short time. The cjected ions are then momentum
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analyzed and focused onto a target surface. Collima-
tion of the ion beam is achieved by a fourjaw slit
arrangement and the beam spot size used is about 5
mm in diameter. The targets were mounted on a lad-
der with one position left open, containing a 5 mm
diameter aperture, which was used to verify the beam
flux and position as well as to optimize the incident
beam current, by guiding the ions through it onto an
open faced photomultiplier or microchannel plate ar-
ray for detection. The ion detection efficiency varies
between 30 and 60% depending upon the detaiis of the
detector system. The vacuum along the beam path and
in the target area is about 5 X 10~? Torr. The number
of Xe®™™ jons which were extracted, for example, in
about 40 ms wide pulses was 10° jons/s with an
exposed area of 0.2 cm?”. Exposure of the targets for 1
h therefore resulted in a total fluence of about 10°
jons/cm?. The targets used were mica, LEXAN
(C4H,403), and silica glass, which were cleaned with
alcohol (LEXAN and glass) or, in the case of mica, one
layer was cleaved off prior to mounting. Afier expo-
sure, the targets were placed in a desiccator and kept
under vacuum until they were mounted onto the target
holder of the atomic force microscope (AFM). It should
be noted that exposure to air of previously irradiated
samples for periods of up to one year does not signifi-
cantly influence the results of the AFM measurements
on the nanometer scale, though increased dust particle
contamination increases the occurrence of “tip
crashes”. A Digital Instruments Nanoscope IIT AFM
was used in the comtact mode with SiN cantilevers
having characteristic rigidities of between 0.1 and 10
nN/nm. The results presented here were produced
using a cantilever with a nominal rigidity of about 1
nN /nm. Qualitatively, the results have been found not
to depend on the rigidity or initial forcc scttings of the
microscope and essentially the same results are found
using the non-contact reverberating tip AFM mode.
The exposed areas were scanned over several regions
of ca. 100 nm to 1 pm on a side with scans of unex-

nogsad arang nerformed for comnarico
POSCa arcas periormed ior comparison.

3. Results and discussion

Mlnrnqnnr\w‘ studies have been nerformed to study

Microscopic studies have been performed to study
the surface defects created by slow highly charged ion
(7 kV x gXe**, U™*) impact on an insulator surface.
The principle target used was mica (KAI,;Si,015(OH),),
with a total incident ion dose of a few 10° ions/cm?.
The surface topology of the samples was then mea-
sured using an atomic force microscope (AFM). The
results are shown in Figs. 1-3. From the areal density
of observed “blisters” and the totai number of ions,
one can conclude that the “blisters” are produced by
single ion impact.
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Fig. 1. Results from atomic force microscope scans following

the bombardment of mica with slow (308 keV) Xe*™ ions,

depicted in both perspective and line representations of (a)

the results for an exposed area (dose 10° ions/cm?) after one

scan, showing the presence of a “blister-like” defect; (b) a

“blister” with its top “peeled” off by AFM tip of the same
defect shown in (a).
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Fig. 2. Results of an atomic foree microscope scan (a) following the bombardment of mica with slow (490 keV) U™ ions (dose 10°
ions / cm?); (b) non-exposed area.

Mica has a complex structure of negatively charged
alumino-silicate layers, involving both tetrahedra and
octahedra, with intermediate layers of positive ions,
usually potassium, providing charge neutrality to the
mineral. The electrostatic forces between the positive
ions and negatively charged layers make mica a “hard”
mineral with characteristic cleavage behavior.

Perspective view topological reconstructions, as well
as profile line scans, from AFM measurements over
exposed areas using Xe** ™ are shown in Figs. 1a and b.
The height of the observed “blisters” is about 0.4 nm

(Fig. 1a) with a base diameter of about 10 nm. It is
interesting to note that, through multiple scans of the
fip of the AFM over the same area, it is possible to
flatten or completely remove the top layer of the
“blister”, revealing a “pit” underneath (Fig, 1b). It has
been found that this peeling process is sample depen-
dent and that most samples do not display this behav-
ior, regardless of the cantilever rigidity or initial ap-
plied force of the microscope. It has also been deter-
mined that the formation of the “pits” is not an
artifact of the direction of the AFM measurement
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Fig. 3. Results of an atomic force scan following the bombardment of mica with slow (490 keV) U7** ions (dose 10° ions/cm?). (a)
Horizontal distance 30.815 nm; vertical distance 0.2602 nm; angle 0.4838°. (b) Horiz. distance 44.510 nm; vert. distance 0.0632 nm;
angle 0.0813°. () Horiz. distance 22.255 nm; vert. distance 0.5942 nm; angle 1.5295°. FFT period dc; FFT amplitude 0.0703 nm.
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Fig. 4. Volume size of defects observed on mica as function of

potential energy of incident ions at velocities of about 4 X 107

cm/s.

scan. No significant changes in the measured profiles
were found when the direction of the scan was re-
versed. The present data suggest then that this peeling
process is an exception rather than the normal behav-
ior of these samples and its origin is still under investi-
gation.

In the case of U jon impact, shown in Fig. 2a,
the observed height of the “blisters” is similar to that
observed for Xe, though the diameter of the “blisters”
is drastically increased to about 40 nm, roughly propor-
tional to the increase in incident charge for U7F
compared to Xe™*. No detectable “blister” defect
structures were measured in the unexposed areas of
any of the mica samples, as shown in Fig. 2b. Fig. 3
shows a cross section through the blisters for the Kr3**
case and the width and height data for that particular
scan. Though the absolute dimensions of the blisters is
difficult to ascertain due to the convoluting effects of
the tip geometry and systematic variations due to the
stiffness of the cantilever used, it has clearly been
found that the relative volume of the blisters increases
with increasing incident charge state for the ions stud-
ied thus far (Kr®>%, Xe®*, Xe30*, UT*, Th™**). The
increase in volume size is shown in Fig. 4 where the
“Blister” size is plotted versus the total potential en-
ergy and the electron emission per ion. The size distri-
butions have been reproducible for each incident ion
for several different AFM scans, for given probe tip
and sample conditions. The quantitative relationship
between the size distribution of the defects and the
incident ion charge is currently under investigation.

AFM measurements did not detect any blister or pit
formation for the case of Xe* (300 keV) [10] ion impact
on mica, even for doses of some 10Y° cm~2. For 6
MeV /u Xe'”" jon impact, a large area defect is ob-
served [10] which is inconsistent with the typical “blis-
ter” caused by the SVHCIs. Such defects have previ-
ously been observed for 7-35 MeV /u Kr ions and
mica targets [11] where they have been described as
characteristic “hollows” or recessed regions of reduced

mechanical strength. In such cases, the defect is due to
the large kinetic energy deposited by the incident ions
to the target electrons and the mechanism of defect
production is similar to that induced by multiple pho-
tons using high power laser beams. Indeed, similar
defects are observed in laser sputtering studies (e.g.
ref. [12]D. Briere et al. [13] have investigated the range
of Xe?" with g = 1-44 at impact energies of 300 keV
in thermal silicon dioxide. They found that the range is
essentially independent of the charge state and is about
100 nm, in agreement with semi-empirical theories
such as TRIM [13], and is predominantly determined
by the nuclear stopping power. These results suggest
that “blister” defect formation is not related to the
kinetic energy transfer, but rather to the potential
energy of the incident ion, implying the following phys-
ical picture for the production of these new surface
defects caused by SVHCIS, as reported here.

As the highly charged ion approaches the surface, it
draws electrons out at fairly large distances (=30 a,)
[8,9] through the lowering of the work function of the
solid surface, promoting resonant electron transfer over
the surface barrier into high lying Rydberg states of the
incident ion. It has been found, for instance, that
Xe** (4 X 107 cm/s) causes the emission of about 90
electrons per ion incident on a metallic surface, with
170 electrons being emitted per incident Th®" ion of
the same velocity [4,15]. The high lying Rydberg states
thus formed partially neutralize the ions, still maintain-
ing its empty core (“hollow” atom [16]). At close inter-
nuclear distances (surface penetration), inner-shells (M,
N shells here) are filled and a fast atomic decay pro-
cess takes place, while the electrons in high n-states
are stripped away [17] creating second, more com-
pressed hollow atom in the solid, which is believed to
survive for about another 1-100 fs. The emission of
high energy X-rays and Auger electrons in this phase
causes the dissipation of the potential energy of the
ions, until the ions finally reach their ground state.
However, whereas the decay of atomic inner-shell va-
cancies is relatively fast (ca. 1074 5), the energy con-
version into phonons should be much slower (ca. 10~ 8
to 107*2 5). The dissipation of the potential energy of
the ions via electronic processes occurs in the first few
monolayers and the effects on the target atoms depend
on the available energy. Ions with an incident velocity
of ca. 107 cm /s travel about 1 nm during the inner-shell
vacancy decay. Strong local excitation of the target
electrons or ionization of the target atoms due to the
excessive electrostatic potential of the incident ion may
cause Coulombic repulsion induced displacements of
neighboring target atoms, producing permanent dis-
placements. This mechanism is intimately related to
that responsible for ionic tracks in insulators, formed
by the passage of high energy (10°s MeV /u) ions in
insulators, known as Coulomb explosions [18]. It is
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interesting to note that it is not necessary to remove
the target electrons to the vacuum level (ionization),
rather sufficient excitation of the binding electrons can
also promote atomic motion. Calculations [14] show
that, for the ions of current interest, the average en-
ergy transfer due to Coulomb collisions between the
highly charged ion and the low charge state target
atoms is insufficient (< 0.1 €V) to cause such atomic
displacement of the target atom. The mechanism re-
sponsible for the defect production is likely due to the
surface electron emission caused by the clectrostatic
field of the incident highly charged ion. In mica, the
electron emission would change the local charge bal-
ance between adjacent Al-Si—-O layers, causing a re-
pulsion between the layers and the intermediate posi-
tive jons (e.g. K*) in the mica structure. This can
explain the very locally confined “popping” of the first
two layers, which results in the observed hollow “blis-
ters”. The increased repulsive potential between two
layers can reach several eV, depending on the number
of electrons emitted and the volume from which they
were emitted.

The results of these experimental findings suggest
that, for insulators, single highly charged ions do, in
fact, cause nanometer size surface defects via elec-
tronic processes. The “strength” of the electronic pro-
cesses appears to be determined by the residual poten-
tial energy of the slow highly charged ions (fields ca.
10® V/cm). The incident charge and ion velocity de-
termine the electron emission and therefore the local
electrostatic defect production mechanism. Electron
emission is known to increase with decreasing incident
(perpendicular) velocity of the ion to the surface
[8,9,15], toward the point at which the velocity at
incidence is determined by the image charge [15,19,20].
If the ions are sufficiently swift (several MeV /u), ki-
netic energy transfer effects become dominant (elec-
tronic stopping).

Additional studies of 300 keV Xe**™ ion irradiation
of LEXAN have also revealed “blister” formation. The
defects in LEXAN have heights of about 6—7 nm and
base diameters of about 40—60 nm. Again, unirradiated
areas of these samples were free from such defect
features. As these insulators do not possess layered
structures, these cases are strong additional evidence
for the production of mutual Coulombic repulsion in-
duced collective displacement of target atoms (i.e. ex-
plosions) due to the effects of extremely large potential
fields of incident slow highly charged ions.

4, Conclusion

High potential energy deposition in the first few
atomic layers of an insulating surface, due to the

impact of a single slow highly charged ion, is observed
via the formation of nanosize defects. These new sur-
face defects are caused by electronic processes, primar-
ily via emission of electrons due to the high charge of
the incident ions, and via repulsive electrostatic forces
associated with the subsequent charge imbalance be-
tween target atoms. The processes which cause the
defects are effective within the first monolayers of the
surface region. The sizes of the defects are strongly
dependent upon the total potential energy of the inci-
dent ions.
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